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improving energy efficiency of the HVAC
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Abstract
The demands of specific requirements related to thermal comforts, such as temperature, relative humidity,
inside air exchange and other factors required in a hospital operating rooms, have necessitated the devel-
opment of energy-efficient heating, ventilation and air conditioning (HVAC) systems and efficient heat-
recovery system using a heat-pipe heat exchanger (HPHE). The experiment was conducted by using HPHEs
having three, six and nine rows, with four heat pipes in each row, arranged in a staggered configuration with a
variation of fresh-air inlet temperature and velocity. The theoretical analysis was conducted using the ε-NTU
method for predicting the effectiveness, outlet temperature of the evaporator side and energy recovery of the
HPHE. The experimental results indicated that increasing the air-inlet temperature in the evaporator section
and the number of rows increased the HPHE effectiveness but increasing the air-inlet velocity reduced the
effectiveness. The highest effectiveness of 62.6% was obtained at an air-inlet temperature of 45◦C with an
air-inlet velocity of 2 m/s and a 9-row HPHE. The energy recovery of the HPHE increased with the number
of rows, air-inlet temperature and air velocity in the evaporator section. The ε-NTU method can be used as
a comparison method in the analysis of heat-recovery systems that apply HPHE air conditioning systems.
Heat pipes that utilize cold-air exhaust from a room in an HVAC system can enhance efficiency and reduce
emissions.
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1. INTRODUCTION
With the increasing price of fossil fuels and their environmental
problems, renewable energy and energy efficiency have become
major aspects of the energy strategies of several countries. Many
countries are attempting to increase the percentage share use
of renewable energy, e.g. in the transportation sector [26], in
the residential sector [2] and for electricity generation [12]. The
main problem with renewable energy is its unstable supply; thus,
renewable energy systems are always coupled with energy-storage
1 This paper has been presented at the 18th International Conference on Sustainable Energy
Technologies (SET) held in Kuala Lumpur, Malaysia, 20–22 August 2019.
equipment (usually batteries). Owing to the limitations of batter-
ies, scientists are investigating alternative materials for energy
storage [4, 16, 22]. Energy-efficiency programs in all sectors are
important strategies for many countries [9, 11]. Intensive effort
to reduce the energy growth on a global scale continues; however,
dependency on fossil fuels as the main energy resource remains
dominant. The increasing demand for facilities or new buildings
that require maintenance of comfort levels will increase. More-
over, to provide comfortable rooms for occupants, buildings are
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(HVAC) systems [3]. In commercial buildings, HVAC systems
account for a significant share of the total energy consumption
[19] and have been determined to be 40%–60% of the total
[20, 21]. Rooms with special demands such as hospital oper-
ating rooms require specifications related to the temperature,
relative humidity, exchange of inside air and other factors
necessitate a more efficient HVAC system with low energy
consumption.
According to ASHRAE, an operating room requires an inside
air temperature that ranges from 20 to 24◦C, a relative humidity
that ranges from 30 to 60% and 15 to 20 air changes per hour
[5, 6, 10, 28]. Further, the HVAC is often operated continuously.
Therefore, heat recovery from the waste heat of HVAC systems
represents an effort to use energy efficiently [8]. The use of a waste
heat-recovery system with a heat pipe represents an excellent
method for saving energy and reducing global-warming effects
[24, 27, 29]. In recent years, heat-pipe technology has been
increasingly used in the building service industry to enhance
energy savings and the thermal performance of heat exchangers
in commercial HVAC systems [14].
In HVAC systems, heat recovery can be enhanced by installing
a heat-pipe heat exchanger (HPHE) on the air inlet and outlet
of the ducting system through which air passes before reaching
the cooling-coil device as a precooling device. Before air enters
the cooling-coil device, the fresh-air temperature is reduced by
recycling the cooled air from a room by using HPHEs. Thus, the
energy consumption for cooling can be reduced, as well as the
time needed to reach the dew-point temperature [1, 13, 15, 17,
21, 29].
Studies on the effects of different operating conditions and
design parameters on thermal performance and energy saving,
including both experimental and numerical analyses related to
the development of the HPHE, have been performed by various
researchers.
For example, Putra et al. [21] investigated the use of an HPHE
as a precooling device in an HVAC system. The HPHE consisted
of several pipes arranged in staggered configurations with various
numbers of rows, including 2, 4 and 6, with a total of 39 pipes in
6 rows, and with water serving as the working fluid. The fresh-
air inlet temperature was varied from 30 to 45◦C under 1, 1.5 and
2 m/s flows of fresh air. The largest heat recovery achieved was
1404.29 kJ/h, with effectiveness of 0.15. The results indicated that
increasing the number of rows of the tubes increased the effec-
tiveness of the HPHE, and energy savings could be achieved [21].
Muhammaddiyah et al. [17] added multi-wavy fins to the evap-
orator and condenser sections of the HPHE that were applied in
the HVAC system. An HPHE consisting of 42 pipes was arranged
in a staggered fashion with three rows. The results indicated that
the highest effectiveness of 54.4% was obtained at an air-inlet
velocity and temperature of 1 m/s and 45◦C, respectively [17].
The use of theoretical analysis based on the NTU-effectiveness (ε-
NTU) method for predicting the effectiveness of a thermosyphon
HPHE has been reported [18, 31], and the effectiveness of the
thermosyphon HPHE was compared between experimental and
theoretical results.
Figure 1. HPHE design.
The literature review indicates that the use of an HPHE reduces
the energy consumption in HVAC systems, but new developments
are needed to enhance the HPHE performance. Moreover, with
the rapid growth of new hospitals, the number of operating rooms
will increase. Hence, intensive efforts to save energy by recovering
the waste heat from HVAC systems are important. The main
objective of this study was to investigate the possible energy
savings and effectiveness of an HPHE for heat recovery in the
HVAC system used in hospital operating rooms. A performance
analysis employing the ε-NTU method was conducted to predict
the theoretical effectiveness of the HPHE. The results can be used
to provide guidance for continuing to the next steps of fabrication
and experimental testing.
2. METHODOLOGY
2.1. Test facility design
This study was performed using an experimental test model com-
prising a simulation room with mini-chiller and ducting systems.
The ducting system consisted of one inlet and two outlet channels
on the two sides of the simulator room. The HPHE consisted of
several heat-pipe rows that were arranged in a staggered config-
uration. The number of rows was varied between three, six and
nine, with four heat pipes in each row.
The heat-pipe tubes were made of copper, and the inner surface
of the tubes contained a wick structure of sintered copper. The
tubes were filled with water as the working fluid at a filling ratio
of 50%. The outer diameter of the heat pipe was 10 mm, and the
evaporator was 160 mm long. The length of the adiabatic section
was 360 mm, and the length of the condenser section was 190 mm.
To enhance the heat-transfer area, the HPHE was equipped with
a continuous wavy fin made of aluminum with a thickness of
0.105 mm and a fin spacing of 2 mm, as shown in Figure 1.
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Figure 2. Experimental test model.
Figure 3. Installation of the HPHE in the ducting. [13, 21].
The experimental test model was equipped with system control
and a measurement device, as shown in Figure 2. The heat input
involved a 4000-W heater equipped with a proportional–integral–
derivative temperature controller that was placed before the axial
fan inlet to customize the fresh-air inlet temperature in the evap-
orator section. The mini-chiller device consisted of a circulating
thermostatic bath, a cooling coil and a pump with a flow meter,
which was used to deliver chilled water through the cooling coil
that was mounted in the ducts of the air-handling unit.
2.2. Effectiveness
For describing the thermal performance of the HPHE, sensi-
ble effectiveness is a highly relevant parameter. Effectiveness is
defined as the ratio of the actual heat transfer to the maximum
heat transfer in a heat exchanger [21], which can be determined
using Equation 1 for the test results obtained.
ε = Qact
Qmax
(a) or ε = Te,in − Te,out
Te,in − Tc,in (b) (1)
2.3. Energy recovery
In HVAC systems, the evaporator side of the HPHE is installed
on the inlet side of the ducting as a precooling device, while the
condenser section is installed on the exhaust side of the air ducting
system.
In HVAC systems without heat pipes, the fresh air is typi-
cally overcooled from Te,in to Tcool, out until it reaches the dew-
point temperature and is subsequently reheated for the dehu-
midification process [31]. The cooling load is determined using
Equation 2. By adding the HPHE as a precooling device, the cool-
ing load of the cooling coil of the mini-chiller can be distributed,
as indicated in Equation 3 [31].





qload = qrecovery + qcooling coil (3)
Thus, the cooling load of the cooling coil (qcooling coil) can be
expressed as follows:





The energy recovery that can be achieved by applying the HPHE
as a precooling device is given in Equation 5.






The ε-NTU effectiveness approach has been used to investigate
the performance of a thermosyphon HPHE [14, 18, 31]. In an
analysis using the ε-NTU approach, a thermosyphon HPHE is
considered as two separate heat exchangers; i.e. the evaporator
and condenser sections are associated with the working fluid in
the heat pipe [18, 31]. By determining the fresh-air inlet temper-
ature in the evaporator, air inlet in the condenser, surface tem-
perature of the heat pipes, and HPHE geometry, ε-NTU analysis
can be used to predict the performance of the HPHE and can be
very helpful in the design stage of the HPHE. The vapor inside
the heat pipe is almost at a constant temperature; thus, the vapor
capacity rate Cv is equal to infinity, corresponding to a heat-
capacity ratio, Ce/Cv = Cc/Cv, which is equal to zero. Assuming
that Ce/Cv = Cc/Cv = 0, the ε-NTU of the HPHE at a single row of
the evaporator and condenser can be expressed as in Equation 6
[14, 18, 31].
εe,1 = 1 − e(−NTUe) (a) and εc,1 = 1 − e(−NTUc) (b) (6)
The number of transfer units (NTU) in the evaporator and con-
denser sections is determined using Equation 7.




For the NTU calculation, the areas of an HPHE with a number
of rows of heat pipes (denoted as Ae and Ac) are based on the
total heat-transfer area in a row [14]. The HPHE developed in
this study is equipped with a continuous wavy fin; thus, fins are
considered in determining the heat-transfer area. For the evap-
orator and condenser sections, the heat capacity C is calculated
using Equation 8.
Ce = ṁe cp,e (a) and Cc = ṁc cp,c (b) (8)
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The overall heat-transfer coefficient for the evaporator and










+ Rhp,c (b) (9)
The overall fin surface efficiency ηso ηo can be calculated using
the following equation [7, 30].











For an HPHE with n rows, the ε-NTU effectiveness is given in
Equation 12 [18, 31].





















Because Ce/Cv = Cc/Cv = 0, Equation 12 can be simplified as
follows [18, 31]:
ε − NTU for n rows (13)










The overall effectiveness of the HPHE based on ε-NTU can be
defined as follows [18, 31]:





















In this study, the mass flow rate of air at the inlet of the
evaporator section is 0.056, 0.075, or 0.094 kg/s lower than that
in the condenser section. Thus, the heat capacity is Cc > Ce.
Accordingly, the HPHE effectiveness with three, six and nine rows
can be determined. After the effectiveness is obtained, the outlet
air temperature in the evaporator section Te,out can be predicted
as follows:





Determining the overall heat-transfer coefficient U requires the
convection coefficients for the evaporator and condenser sections,
i.e. he and hc, respectively. The convection coefficients for the
evaporator and condenser sections are obtained by considering
the external cross flow in a bank of tubes. The thermal resistance
of the heat pipe R is obtained from the measurements of 0.0041–
0.0007◦C/W.
The bank of tubes of the HPHE applied in the HVAC system is
shown in Figure 4.
To determine the convection coefficients of the HPHE in
the bank of tubes, the Zukauskas correlation can be used, as
follows [7]:






The constant C1 is the dimension that is associated with the
configuration and the Reynolds number in the bank of tubes of the
HPHE. C2 is the correction constant for the heat exchanger with
≤ 20 rows of tubes. In this HPHE, the tube diameter D is 10 mm
and is measured as the transverse pitch between tube centers.
ST is 25 mm, and the longitudinal pitch SL is 21.65 mm. Thus,
ST/SL < 2 and the constants C1 = 0.36 and m = 0.6 are obtained. In
contrast, the constant C2 varies according to the number of rows
of the HPHE (C2 = 0.84 for three rows, C2 = 0.94 for six rows and
C2 = 0.96 for nine rows).
The Reynolds number Re,D used in Equation 16 is based on the
maximum velocity that occurs in the evaporator and condenser
sections. A staggered configuration on an external cross flow is
shown in Figure 4, with SD = (ST +d)/2. The maximum velocity
is determined using the following equation.
Vmax = STST − d Ve,in (17)
The convection coefficient is obtained from the Nusselt number




According to the temperature difference obtained from the exper-
iment, the thermal resistance of the heat pipe can be obtained by
dividing the temperature difference by the heat-transfer rate, as
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Figure 4. Schematic of tube arrangements in a bank with nine rows in a staggered configuration.
Figure 5. Experimental setup.
indicated in Equation 18 [23, 25].




The performance of the HPHE is influenced by several parame-
ters, including design and operation parameters.
The air temperatures at the inlet and outlet of the evaporator
and condenser section were measured with type-K thermocou-
ples which were connected to module NI 9214 with accuracy
±0.01◦C, and the relative humidity at the same locations was
measured using a humidity sensor (Autonic THD), which was
connected in series to a data-acquisition device (NI cDAQ-9174).
The measurement points on the HPHE shown in the experimental
schematic are presented in Figure 5. The mass flow rate of the
chilled water in the cooling coil in a constant guard was 4 L/min.
The air-inlet velocities of the evaporator and condenser sections
were measured using hotwire anemometer Lutron AM-4204 sen-
sors with accuracy ± (5% + 0.1 m/s) at the center of the duct.
3. RESULTS AND DISCUSSIONS
3.1. HPHE performance
A series of tests were conducted to investigate the performance of
the HPHE arranged in a staggered fashion with three, six and nine
rows. The fresh-air inlet temperature in the evaporator section
was varied between 30, 35, 40 and 45◦C, and the velocity of
the inlet air in the evaporator section was varied between 1.5,
2.0 and 2.5 m/s. The reading for each variation was obtained at
intervals of 30 min after steady-state conditions were achieved,
and the steady-state conditions were achieved after the prototype
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Figure 6. Temperature profile for an inlet air velocity of 1.5 m/s and nine rows.
was run for 10 min. Figure 6 displays the air-temperature profile
on the inlet and outlet for the evaporator and condenser sections
separately with an incoming air velocity of 1.5 m/s in the nine-
row HPHE.
Figure 6 shows that fresh-air temperature decreases from the
inlet side of the evaporator (Te,in) to the outlet side of the evap-
orator HPHE (Te,out). When the fresh-air inlet temperature was
30◦C, the fresh-air temperature decreases by 2.1◦C. With increas-
ing fresh-air inlet air temperature, the fresh-air temperature
difference between the inlet and outlet sides of the HPHE
evaporator will increase, and when the fresh-air inlet temperature
was 45◦C, the outlet of fresh-air temperature decreases by
9.4◦C. It shows that the utilization of the HPHE to the HVAC
system was successfully used as the precooling media. The
HPHE significantly absorbed the heat of the water inlet in the
evaporator section, reducing the temperature before the air
entered the cooling-coil devices. Heat release occurred through
the cold air that passed through the condenser section of the
HPHE. The air outlet temperature on the side of the condenser
section was higher than with that in the inlet section. Figure 6
shows that with an increase in the fresh-air temperature in the
evaporator section, the amount of heat absorbed by the heat pipe
increased. This finding is indicated by the increased temperature
difference between the inlet and outlet of the evaporator
section.
The test results for investigating the effects of the fresh-air
inlet temperature, the air velocity and the number of rows on the
effectiveness are shown in Figure 7. The results indicate that at
the same velocity, increasing the fresh-air inlet temperature and
the number of rows increased the effectiveness. With the same
number of rows, the effectiveness decreased with an increase in
the air velocity. The highest effectiveness (62.6%) was obtained
with an air-inlet temperature of 45◦C, an air-inlet velocity of 2 m/s
and nine rows of the HPHE. The lowest effectiveness (43.1%)
was obtained with an air-inlet temperature of 30◦C, an air-inlet
velocity of 2 m/s and three rows of the HPHE.
Figure 7. HPHE effectiveness profile with respect to the number of rows, air-inlet
temperature and velocity.
In conventional HVAC systems, the fresh air is cooled by a
cooling coil device from (Te,in) to the supply air temperature
(Tcool,out). When the HPHE was applied, the fresh-air tempera-
ture can be reduced before it was cooled by a cooling-coil device,
so that the cooling energy by the chiller decreased. With the
application of the nine-row HPHE in the HVAC system and in
the condition which a fresh-air inlet temperature of 45◦C and air
velocity of 1.5 m/s, the fresh-air temperature was decreased by
9.4◦C, and energy recovery obtained was 533 W. Energy recovery
indicates that heat is absorbed by the HPHE before it is cooled
by the cooling-coil device. The largest temperature difference was
9.8◦C, which was obtained with an air-inlet temperature of 45◦C,
an air velocity of 2.5 m/s and nine rows of the HPHE. Under
these conditions, the maximum energy recovery was 931.6 W.
The smallest temperature difference in the evaporator section was
1.4◦C, which was obtained with an air-inlet temperature of 30◦C,
an air velocity of 1.5 m/s and three rows of the HPHE. Under
these conditions, 82.1 W of energy was recovered. The effects of
the fresh-air inlet temperature, the air velocity and the number of
rows on the energy recovery are shown in Figure 8.
Figures 6–8 show that increasing the fresh-air-inlet tempera-
ture increased the effectiveness and energy recovery. The ability
of the heat pipe to absorb heat was affected by the boiling point
of the working fluid in the heat pipe. As the temperature of the
inlet fresh air entering the evaporator section increased, the rate
of evaporation of the working fluid in the heat pipe increased, and
the heat absorption increased.
The effectiveness and energy recovery decreased with increas-
ing air velocity. This indicates that reducing the air velocity
improved the heat absorption of the HPHE. Additionally, these
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Figure 8. Energy-recovery profile with respect to the number of rows, fresh-air-
inlet temperature and velocity.
Figure 9. Comparison of the experimental effectiveness and ε-NTU analysis
results for different fresh-air inlet temperatures and row numbers at a velocity
of 1.5 m/s.
results indicate that the precooling process of the fresh-air
temperature in the evaporator occurred, and the temperature
was significantly reduced before entering the cooling-coil device.
Thus, the amount of energy needed to cool the air was reduced,
and the dew point could be achieved more rapidly. The air
returned from the room that was still cold was recycled and
entered the condenser section to absorb heat, causing the working
fluid to condense back into a liquid phase.
3.2. Performance comparison of experimental and
ε-NTU effectiveness
Figure 9 shows a comparison between the experimental effective-
ness and the predicted overall effectiveness obtained from the
Figure 10. Comparison of the temperature profile in the evaporator section for
nine rows with different fresh-air inlet temperatures and velocities.
ε-NTU analysis for different fresh-air inlet temperatures, veloc-
ities and row numbers.
After the effectiveness was obtained (and when the fresh-air
inlet temperatures in the evaporator and condenser were known),
the inlet air temperature in the evaporator section could be spec-
ified, as shown in Figure 10. For both of these methods, the
theoretical predictions were similar to the experimental results.
The effect of the heat load of the evaporator section on the thermal
resistance of heat pipes is shown in Figure 11. The heat load and
repeated energy recovery of the precooling process obtained by
applying the HPHE were determined using Equation 5. With
a heat load of 82.1–931.6 W, the thermal resistance decreased
to 0.0041–0.0007◦C/W. Increasing the heat load in the evapo-
rator section reduced the thermal resistance of the heat pipe.
Greater heat absorption was obtained when the air-inlet tem-
perature increased. Thus, increasing the air-inlet temperature on
the evaporator side reduced the thermal resistance, increasing the
effectiveness of the HPHE.
4. CONCLUSIONS
According to the results, the following conclusions are drawn.
• An increase in the air-inlet temperature on the evaporator side
and an increase in the number of rows increased the HPHE
effectiveness, but an increase in the inlet air velocity reduced
the effectiveness.
• The highest effectiveness of 62.6% was obtained with an air-
inlet temperature of 45◦C, an air-inlet velocity of 2 m/s and
nine rows of the HPHE. The lowest effectiveness of 43.1% was
obtained with an air-inlet temperature of 30◦C, an air-inlet
velocity of 2 m/s and three rows of the HPHE.
• The energy recovery indicated that heat was absorbed by the
HPHE before the air was cooled by the cooling-coil device. The
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Figure 11. Effect of the heat load to thermal resistance of the HPHE.
largest temperature difference was 9.8◦C, which was obtained
at an air-inlet temperature of 45◦C, an air velocity of 2.5 m/s
and nine rows of the HPHE. Under these conditions, the max-
imum energy recovery was 931.6 W. The smallest temperature
difference in the evaporator section was 1.4◦C, which was
obtained with an air-inlet temperature of 30◦C, an air velocity
of 1.5 m/s and nine rows of the HPHE. Under these conditions,
82.1 W of energy was recovered.
• The ε-NTU method can be applied to HPHE systems for
predicting the effectiveness of the HPHE. A theoretical analysis
using the ε-NTU method provided results similar to those
obtained via the experiment, and this method can be used as
a comparison method for analysis of heat-recovery systems
using an HPHE. Thus, the method can be used as an initial
reference to predict the performance of an HPHE design before
the design and manufacturing steps.
• Increasing the heat load in the evaporator section reduced the
thermal resistance of the heat pipe. Increased heat absorption
was obtained when the air-inlet temperature was increased.
These findings indicate that increasing the air-inlet temper-
ature on the evaporator side reduced the thermal resistance,
hence increasing the HPHE effectiveness.
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